Abstract. The Rare Isotope Spectroscopic INvestigation at GSI (RISING) project is a major panEuropean collaboration. Its physics aims are the studies of exotic nuclear matter with abnormal proton-to-neutron ratios compared with naturally occurring isotopes. RISING combines the FRagment Separator (FRS) which allows relativistic energies and projectile fragmentation reactions with EUROBALL Ge Cluster detectors for γ spectroscopic research. The RISING setup can be used in two different configurations. Either the nuclei of interest are investigated after being stopped or the heavy ions hit a secondary target at relativistic energies and the thereby occurring excitations are studied. For the latter case, MINIBALL Ge detectors and the HECTOR array are used in addition. Example achievements of the Fast Beam setup are presented and compared to various shell model calculations, while for the Stopped Beam setup initial results are shown.
INTRODUCTION
One of the key issues in current nuclear structure physics research is the exploration of nuclei far away from the line of β -stability. This has led to the development of different techniques that permit the study of specific radioactive nuclei. In the case of projectile fragmentation or relativistic fission heavy ion beams are accelerated to an energy of up to 1 A GeV and then strike a thick target. Since this produces a vast number of different nuclei, the fragments of interest must be selected using their magnetic rigidity after the target, which is done at the FRS at GSI [1] . Here, two pairs of dipoles are used in the so called Bρ-∆E-Bρ mode by placing a wedge-shaped aluminum degrader at the central focal plane of the FRS and setting the second pair of dipoles according to the energy loss of the sought-after fragments. The ions passing from the intermediate to the final focus of the FRS are identified on an event-by-event basis using their magnetic rigidity Bρ, their time of flight between two scintillation detectors, and their energy loss in a multi sampling ionization chamber.
RISING SETUP
When the heavy ions reach the final focus of the FRS, they can hit a secondary target, which enables the study of Coulomb excitation at relativistic energies or fragmentation processes towards even more exotic nuclei. Alternatively, they are implanted into a passive stopper followed by γ ray measurements of decays of isomeric states produced by the fragmentation or fission process in the primary target. This paper reports on initial and selected results of these two major RISING setups, the former being the Fast Beam setup [2] , the latter being the Stopped Beam setup [3] [4] [5] .
The Fast Beam Setup
In the Fast Beam setup relativistic Coulomb excitation and two-step fragmentation experiments were performed with energies in the range of 100 to 600 A MeV. A 197 Au reaction target with thicknesses from 0.4 to 2.0 g/cm 2 was used in the case of Coulomb excitation, while two-step fragmentation experiments were carried out with a 0.7 g/cm 2 9 Be target. The resulting reaction products were identified with respect to their charge and mass with the calorimeter telescope array CATE [6] , consisting of 3 × 3 Si-CsI(Tl) modular ∆E-E telescopes mounted 1400 mm downstream of the target. For the proper Doppler correction, the position sensitive CATE Si detectors and an identical Si detector placed directly after the target served as tracking detectors. In the case of Coulomb excitation, unwanted nuclear contributions could be excluded by selecting sufficiently large impact parameters. This impact parameter could be obtained by tracking the heavy ions with position sensitive multiwire detectors upstream the target and the afore mentioned Si detectors. In order to measure γ rays emitted by excited states, the target area was surrounded by numerous detectors, as shown in Fig. 1 : (i) 15 Cluster Ge detectors [7] , positioned in three rings at extreme forward angles of 16 • , 33 • , and 36 • at distances of 700 to 1400 mm, (ii) eight six-fold segmented MINIBALL triple Ge detectors [8] at distances of 200 to 400 mm, arranged in two rings with central angles of 51 • and 85 • , (iii) the HECTOR array [9, 10] at a distance of 300 mm, consisting of eight large volume BaF 2 detectors, situated at angles of 85 • and 142 • . In its least distance configuration, the efficiency for a γ ray of 1332 keV emitted from heavy ions at 100 A MeV was simulated to be 1.7% for the Cluster detectors, 3.8% for MINIBALL and 1.7% for HECTOR, not including add-back events.
The Stopped Beam Setup
The Stopped Beam setup can be used in two configurations to measure γ rays: Isomeric states produced in the fragmentation process are implanted into a passive stopper or heavy ions are implanted into an active β -sensitive stopper, thus enabling the search for excited states of exotic nuclei following β -decay. In contrast to the Fast Beam setup, a second degrader of variable thickness was put at the final focus of the FRS. This allowed the energy loss of the heavy ions to be tuned in such a way that the stopper could be kept at a moderate thickness.
The fifteen Ge Cluster detectors surrounding the stopper in the Stopped Beam setup are shown in Fig. 2 . The Cluster detectors were placed in three rings of five detectors at angles of 51 • , 90 • , and 129 • relative to the beam axis at a distance of approximately 22 cm from the center of the final focal plane of the FRS. The photopeak γ ray efficiency of the Stopped Beam Ge detector setup was measured to be 9(1)% at 1332 keV, not including add-back events [5] . Due to the high granularity of the Ge detector array of 105 crystals in total, a higher loss of efficiency was avoided after the prompt γ flash that was produced in the stopping process of the heavy ions. In order to identify the metastable states after the implantation, each γ ray was time stamped using a 40 MHz clock, which was part of the DGF4 timing and energy signal processing [11] . For both short-lived isomers and redundancy a conventional timing branch was installed in parallel and digitized with a short-range (t ≤ 1.0 µs) and a long-range t ≤ 0.8 ms VME TDC. This enabled the measurement of decays from isomeric states with half-lives in the region between several tens of ns up to 1 ms.
SELECTED EXPERIMENTAL RESULTS

Monopole Driven Shell Structure
During the Fast Beam campaign one of the key interests was the investigation of the monopole driven shell structure. This monopole part of the residual interaction controls the propagation of single particle energies with increasing occupation of a major shell. It causes a change of oscillator shell closures with magic numbers for very neutron rich nuclei of N = 8, 20 towards N − 2 × N HO = 6, 16 (14) [12, 13] . N HO is the harmonic oscillator main quantum number . The weak N = 40 harmonic oscillator case should shift to a N = 32, 34 subshell closure, where the ambiguity for N HO > 1 stems from the presence of j = 1/2 orbits which strongly mix with the neighboring higherspin orbitals [13] . The monopole residual interaction is also expected to be of isospin symmetric nature, hence its effects can be studied by comparing the nuclear structure of the N = 20 isotones below 40 Ca with their Z = 20 mirror nuclei.
The RISING Fast Beam setup gives access to excitation energies E 2
and B(E2; 2 + 1 → 0 + ) values that can both be used as signatures for shell structure. Two type of experiments were performed: A Coulomb excitation experiment of the neutron rich 54,56,58 Cr, which are located in between the N = 40 subshell closure across a deformed region to spherical nuclei at N = 28, second, and a two-step fragmentation experiment to investigate the mirror energy difference, defined as [14] . The Ti and Cr (Z = 22, 24) isotopes exhibit a maximum of those energies at N = 32 [15] [16] [17] .
Besides the 2 [19] . For N = 34, however, the gap is not developed in Cr and Ti which leaves 54,56 Ca as 
Mirror Symmetry in A = 36, T = 2 Nuclei
Going along the N = 20 isotones south of 40 Ca, the shell stabilization of 36 S, 34 Si and the shell quenching in 32 Mg are expected to be caused by the monopole part of the two-body interaction. This scenario is anticipated to be symmetric in isospin and may not or little affected by neutron binding energy differences [12, 13] . It can be verified in the N = 20 mirror region along the light Ca (Z = 20) isotopes. From the Ca isotopes, detailed spectroscopy exists only for 38 Ca [22] , while no excited states are known for the N = 16 isotope, thus the mirror nucleus of 36 S is of high interest. A beam of 40 Ca at an energy of 420 A MeV was bombarded on a 4.0 g/cm 2 9 Be target. As a secondary beam 37 Ca was selected and incident on a 0.7 g/cm 2 9 Be secondary target to populate excited states in 36 Ca. In Fig. 4 Doppler corrected γ ray spectra of 36 Ca are shown for the MINIBALL, Cluster and HECTOR detectors. The energy of the 2 + 1 → 0 + transition was determined to 3015(16) keV, yielding a value of ∆E M = -276(16) keV for the A = 36, T = 2 mirror pair. This value is significantly larger than mirror energy differences observed for T = 1 states in the sd and p f shell [15] . Other known T = 2 mirrors in the sd shell, A = 24 and 32, also exhibit much smaller mirror energy differences of -102(11) keV and -117(12) keV, respectively [23, 24] .
In our approach to understand the large ∆E M , we have used the experimental singleparticle energies from the A = 17, T = 1/2 mirrors and applied these onto a modified isospin symmetric USD interaction [25, 26] Table 1 for 36 Ca and 36 S, yielding a value of ∆E M = -268 keV. This is in close agreement to the experimental result and shows that the experimental single-particle energies may account empirically for the one-body part of Thomas-Ehrman and/or Coulomb effects [27, 28] , since the isospin symmetry is preserved in the interactions' two-body matrix elements but not in the single-particle energies used. 
First Results from the Stopped Beam Setup
The Stopped Beam campaign started with the investigation of heavy odd-odd N = Z nuclei along the proton drip-line [3] . It was followed by isomeric decay studies in the region of the doubly magic 56 Ni, 132 Sn and 208 Pb [29, 30] . We will focus on the results of 54 Ni, produced after the fragmentation of a 58 Ni primary beam, which demonstrate nicely the excellent possibilities of combining the FRS with the RISING γ ray spectrometer in its Stopped Beam configuration. After the identification of 54 Ni reaching the final focal plane with the FRS detectors, a correlation matrix between the γ energy and the time after the implantation can be generated. Two examples are shown in Fig. 5 . On the left hand, a more general view provides an indication of the so-called prompt flash (vertical line), which marks the implantation time t = 0, as well as horizontal lines arising from, for example, room background or (n,γ) reactions in the Ge detectors. But more than that, also distinct and as a function of time fading horizontal lines are visible, indicating decays from isomeric states. Some of these are highlighted on the right hand side of Fig. 5 , which zooms into the energy-time region of interest for 54 Ni. By setting cuts on distinct times after the implantation and comparing the intensities, information on the half-lives of the isomers can be obtained. Moreover, provided that the spectra are rich enough in statistics, γγ coincidence measurements can help to examine the level structure. This is done in Fig. 6 where in the upper background subtracted spectrum a simple projection of the two-dimensional panel is shown for the time range 0.05 µs ≤ t ≤ 1.0 µs. In this spectrum six discrete γ transitions at 146, 451, 1227, 1327, 1392, and 3241 keV are visible and all have a lifetime of τ ∼ 220 ns. In the lower panel, however, gates on the already established 6 + → 4 + → 2 + → 0 + cascade [31] [32] [33] are set at energies of 451, 1227, and 1392 keV. Since the lines observed at 146 and 3241 keV are clearly in coincidence with the cascade, they are suggested to be the 10 + → 8 + and 8 + → 6 + transitions [34] , what also follows from the known mirror isomer 54 Fe [15] . Even a weak line at 3386 keV is visible, which can be associated to the small 10 + → 6 + E4 branch. The most surprising result is, however, that none of the observed γ rays comes in coincidence with the 1327 keV line, which is seen only in the singles spectrum. Since it has the same energy as the 9/2 − → 7/2 − ground state transition in 53 Co, it is suggested that this 9/2 − state in 53 Co can be populated via a direct proton decay (Q p ∼ 1.3 MeV) from the isomeric state in 54 Ni [34] . 
SUMMARY
The shown exemplary results demonstrate the possibilities of high resolution γ ray spectroscopy at relativistic energies utilizing the two-step fragmentation or Coulomb excitation technique with RISING, as has been shown for the results of 54 [29, 30, 37, 38] . Here, 54 Ni was chosen to illustrate the large capabilities of a highly efficient γ ray spectrometer used in combination with the FRS. In the future, a series of active stopper experiments is foreseen to perform β -delayed γ ray spectroscopy.
